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This paper presents a numerical study of the system unbalance and the fault impedance
effect on faulted power system analysis. Two short circuit techniques, the symmetrical
components and phase components algorithms are implemented and analyzed based on
numerical simulations of the IEEE 13 bus test feeder. Test cases include voltage unbalance
effect and fault impedance effect on during-fault voltages and currents. The results show
that the during-fault voltages and currents are greatly affected by both voltage unbalance
and fault impedance.
© 2010 Elsevier Ltd. All rights reserved.
1. Introduction
Distribution systems are an important part of the electric power system. These systems supply power to small andmiddle
end-users from a transformer substation [1]. The increase of the competition due to the power industry deregulation and
company’s goals to provide better services make the methods for distribution system analysis an important issue [2].
Short circuit calculation techniques are formulations used for power system fault analysis. Short circuit formulations
estimate the during-fault system state. These techniques can be used for power system protection equipment setting and
coordination. Short circuit currents are responsible for several types of disturbances in power systems. These currents cause
severe effects on equipments and power lines, such as thermal and mechanical stresses. Therefore, the right calculation of
fault currents is important for the power system design, the protection system set-up and power quality considerations
[3,4]. Power system faults can be symmetric or asymmetric. Symmetric faults cause large fault currents. Asymmetric faults
aremore common and cause unbalanced fault currents. Asymmetric faults are classified as: phase to ground, phase to phase,
and phase to phase to ground. These faults can be solid or through an impedance (Zf ) [5,6].
Power systems can have a balanced or unbalanced operation. A balanced power system must fulfill the following
requirements: three phase balanced voltage sources, three phase symmetrical loads, three phase transposed feeders and
three phase equal self-impedances. If one of the requirements is not satisfied, the system is considered unbalanced [6]. It is
quite common to consider the power system as operating on balanced conditions. In this condition faults are traditionally
calculated through the ‘‘Symmetrical Components Method’’ [7].
However, distribution systems are inherently unbalanced due to their constructive and operational characteristics. The
algorithms used to calculate fault currents and voltages have to be simple, efficient and adequate to the system conditions
and fault characteristics. Symmetrical Components Method is usually used for balanced system studies, where the only
unbalanced condition is the fault. On the other hand, the Phase Components Method is usually used for unbalanced system
studies [8,9]. The Phase Components Method is more difficult to numerically implement than the Symmetrical Components
Method. Hence, in many applications, the Symmetrical Components Method is used, regardless the loss of accuracy.
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Fig. 1. Schematic model of a distribution feeder.
This paper presents a comparative analysis of the during-fault voltages and currents calculated by the Phase Components
Method and by the Symmetrical Components Method. The inherently unbalanced operation and fault impedance effects
are analyzed. The comparison is based on numerical simulation of faults. The case study is based on the IEEE 13 bus test
feeder [10]. Simulations are performed using the Matlab r© platform [11].
2. Short circuit formulations
2.1. Phase components
Fig. 1 presents a schematic representation of a distribution system. Zth is the system impedance at Bus-I, Zs is the
impedance between Bus-I and Bus-j, and Zld is the load impedance at Bus-j. When the system and the loads are balanced,
the currents and voltages are symmetrical. This means that the phasors present equal magnitude and 120° between each
other. Under these conditions the neutral current (In) is zero and the voltage between g1 and g2 is also zero. The impedance
matrices of generators and transformers are diagonal and all elements are the same. The impedance matrices of the feeders
are symmetrical, where the self-impedances are equal and the mutual impedances are also equal.
Distribution systems are characterized by non-transposed and asymmetric feeders with different conductors. Mutual
impedances between phases are not equal and the self-impedancesmay also be different. Most of the loads are single phase,
increasing the system unbalance operation [12,13]. Therefore, voltages and currents are not symmetric, neutral current is
not zero, and there is a voltage between g1 and g2. Hence, the impedance matrices are not diagonal and each phase has to
be analyzed individually [1].
Distribution systems can be divided in three main blocks: the transformer substation, the feeders and the loads [12]. The
impedance matrix in ‘‘Phase Components’’ of each element is described in the following.
2.1.1. Feeders models
A distribution feeder can be modeled by an impedance matrix. The matrix includes the mutual impedance between
phases and the phases self-impedance. The 3×3 impedancematrix is obtainedusing Carson’s equations andKron’s reduction
method as shown in (1) [5].
Zabc−s =
[Zaa Zab Zac
Zba Zbb Zbc
Zca Zcb Zcc
]
(1)
in/unit length, where Zaa, Zbb and Zcc are the self-impedances and Zab, Zbc and Zca are the mutual impedances.
2.1.2. Transformer model
A two windings three phase transformer can be represented by the impedance matrix shown in (2) [12,14].
Zabc−Tr =
[ Zs Zm Zm
Zm Zs Zm
Zm Zm Zs
]
(2)
in, where Zs = 1/3(Z0 + 2Z1) and Zm = 1/3(Z0 − Z1) are the self and mutual windings impedances and Z0, Z1 and Z2 are
the windings sequence impedances.
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2.1.3. Load model
The loads can be three phase (delta or star connection) or single phase. Eq. (3) shows the impedance matrix of a three
phase load with star solid grounding connection.
Zabc−l =

|Va|2
Pa − jQa 0 0
0
|Vb|2
Pb − jQb 0
0 0
|Vc |2
Pc − jQc

(3)
in, where Pabc and Qabc are the active and reactive power of each phase, Vabc is the phase to ground voltage.
2.2. Symmetrical components
The transformation from Phase Components [Vabc ] to Symmetrical Components [V012] is called symmetrical components
coordinates transformation [15]. The symmetrical components are known as zero sequence, positive sequence and negative
sequence components [7]. It is possible to establish a relationship between the phase values and the symmetrical
components values of the currents and voltage drop along a feeder [15]. For instance, considering a three phase feeder
perfectly transposed or symmetric, its phase impedance matrix is (4).
Zabc−s =
[ Zs Zm Zm
Zm Zs Zm
Zm Zm Zs
]
(4)
in/unit length, where Zs = 1/3(Zaa + Zbb + Zcc) and Zs = 1/3(Zab + Zac + Zbc).
The phase impedance matrix is symmetric and the transformation to Symmetrical Components Coordinates using the
[T ] operator [15] is obtained through:
[Z012] =
[
T−1
]
[Zabc ] [T ] (5)
where
[T ] =

1 1 1
1 ej
4pi
3 ej
2pi
3
1 ej
2pi
3 ej
4pi
3
 . (6)
The phase impedance matrix (4) is transformed to the sequence impedance matrix using (5) and results in (7):
Z012 =
[Z0 0 0
0 Z1 0
0 0 Z2
]
(7)
in /unit length, where: Z0, Z1, and Z2 are the zero sequence, positive sequence and negative sequence impedances
respectively. When the feeders are not transposed the sequence impedance matrix is not diagonal.
2.3. Network matrix calculations
According to [15], the mathematical representation in steady state of a three phase n bus electric power system can be
given as:
V abc1
V abc2
...
V abck
...
V abcn

=

Zabc11 Z
abc
12 · · · Zabc1k · · · Zabc1n
Zabc21 Z
abc
22 · · · Zabc2k · · · Zabc2n
...
... · · · ... · · · ...
Zabck1 Z
abc
k2 · · · Zabckk · · · Zabckn
...
... · · · ... · · · ...
Zabcn1 Z
abc
n2 · · · Zabcnk · · · Zabcnn

·

Iabc1
Iabc2
...
Iabck
...
Iabcn

(8)
or, in a compact form
Vbus = Zbus · Ibus (9)
where Zabcnn is the n-th 3× 3 submatrix and k is the bus where the fault occurs. Therefore, for a n bus network a 3n× 3n Zbus
matrix is implemented.
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Fig. 2. Model of a phase to ground fault.
Fault calculation methods using the impedance matrix Zbus are very suitable for small and large power systems. They
provide an efficient estimation for voltages and currents during the fault. The diagonal elements of Zbus represent the
Thévenin equivalent impedance seen at the analyzed bus. In other words, Zkk in (8) is the Thévenin equivalent impedance
seen at the bus kwhen the fault occurs at the bus k. These elements are used to calculate directly the fault currents. The Zbus
can be calculated from the bus admittance matrix Ybus:
Zbus = Y−1bus . (10)
The bus admittance matrix is calculated according to the following algorithm [12]:
[Yabc ]i,i =
n∑
j=1
[
Yˆabc
]
i,j
+
[
Yˆabc
]
i,0
diagonal elements (11)
[Yabc ]i,j = −
[
Yˆabc
]
i,j
other elements (12)
where [Yˆabc]i,j are the admittances of the elements connected between the buses i and j. [Yˆabc]i,j is the inverse of (1) and
(2) matrices. [Yˆabc]i,0 is the inverse of (3) and represents the admittance connected to ground. Thus, for a n bus network a
3n× 3n Ybus matrix is obtained.
2.4. Fault calculations
The fault calculation algorithm using Phase Components or Symmetrical Components is based on the Principle of
Superposition. Pre-fault and during-fault conditions are considered [6,12]. Fault conditions are simulated using voltage
sources connected in series, as illustrated in Fig. 2. The first source represents the pre-fault voltage and the second source
must verify the fault conditions. The Phase Components Method uses three phase load flow algorithms for pre-fault
conditions estimate, as the ladder formulation [16].
The bus impedance matrix (Zbus) must be modified in order to include the fault impedance. For a fault at the bus k the
new bus impedance matrix is:
Znew (k, k) = Zbus (k, k)+ Zf (13)
where Zf is the fault impedance matrix and k is the bus where the fault occurs.
Hence, the fault current is calculated using Ohm’s law:
If−abc = Ynew(k, k) · Vf (14)
where Ynew(k, k) = Z−1new(k, k) and Vf =
[
Va Vb Vc
]T is minus the pre-fault voltage at the bus k.
The voltages at bus k are obtained by:
V fi−abc = Zbus (i, k) · If−abc (15)
where i = 1, . . . , n and n is the number of buses.
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Fig. 3. Single line diagram of the IEEE 13 bus test feeder.
Table 1
Feeder data.
Bus A Bus B Length (m) Config.
632 645 152.40 601
632 633 152.40 601
633 634 0.00 XFM-1
645 646 91.40 601
650 632 609.60 601
684 652 243.80 606
632 671 609.60 601
671 684 91.40 601
671 680 304.80 601
671 692 0.00 Switch
684 611 91.40 601
692 675 152.40 606
Table 2
Load data.
Bus Total load
(kW) (kVAr)
632 100 58
634 400 290
645 170 125
646 230 132
671 1255 718
692 170 151
675 843 462
611 170 80
652 128 86
The bus voltages are obtained using the principle of superposition as:
Vi−abc = V pfi−abc − V fi−abc (16)
where V pfi−abc is the pre-fault voltage.
3. Case study
For this study a modified IEEE 13 bus test feeders was used [10]. The system is illustrated in Fig. 3. The system is
unbalanced due to the feeders’ topology and the loads characteristics. All system feeders where consideredwith three phase
loads. The feeders characteristics are presented on Table 1, and the loads characteristics are in Table 2. The aerial feeders use
phase’s conductor type 556,500 ASCR and neutral conductor type 4/0 ASCR, while the underground cables use conductor
type 250,000 AA. According to the type of conductors and the topology of the feeders, applying (1), the series impedance
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Table 3
Pre-fault voltages (Case A) in pu.
Bus 650 632 633 634 645 646
Voltage 1.0063 0.9742 0.9729 0.9534 0.973 0.9726
Bus 671 675 680 684 611 652
Voltage 0.9544 0.9526 0.9544 0.9542 0.9542 0.9534
matrices of the feeders in/km are:
Z601 =
[0.2153+ j0.6325 0.0969+ j0.3117 0.0982+ j0.2632
0.0969+ j0.3117 0.2153+ j0.6325 0.0954+ j0.2392
0.0982+ j0.2632 0.0954+ j0.2392 0.2121+ j0.6430
]
(17)
Z606 =
[0.4960+ j0.2773 0.1983+ j0.0204 0.1770+ j0.0089
0.1983+ j0.0204 0.4903+ j0.2511 0.1983+ j0.0204
0.1770+ j0.0089 0.1983+ j0.0204 0.4960+ j0.2773
]
. (18)
For the reference case the feeders were considered transposed. Then, the matrix (17) and (18) are similar to (4) and
the transformation of coordinates shown in (5) converts the matrices (17) and (18) to diagonal matrices as the one shown
in (7).
4. Analysis and results
Three different load and system conditions have been considered:
Case A: Sa−l = Sb−l = Sc−l and feeders were ideally transposed (reference case);
Case B: Sa−l = Sc−l and Sb−l = 0.8 ∗ Sa−l;
Case C: Sa−l = Sc−l and Sb−l = 0.5 ∗ Sa−l.
Where Sa−l, Sb−l, and Sc−l are the complex power of the loads of phases a, b, and c respectively.
Phase to ground faults were simulated considering several fault impedances (Rf = 0, 0.346, 3.46, and 34.6 ). The
Symmetrical Components Method was used to calculate during-fault voltages and currents for Case A (reference case).
Cases B and C, where the system is unbalanced, during-fault voltages and currents were obtained by the Phase Components
Method.
During-fault voltages and fault currents at buses 671, 632 and 650 are analyzed. The voltage unbalance is calculated
according to (19) [16]:
Vunbalance =
∣∣Vmax(a,b,c)∣∣− ∣∣Vaverage∣∣∣∣Vaverage∣∣ . (19)
The fault current variation between Cases B, C and the reference case (Case A) is calculated according to:
1I = IA − IB,C
IA
. (20)
Table 3 shows the pre-fault voltage at system buses for condition A.
Table 4 shows the during-fault voltages for phase a to ground faults for each fault impedance for Case A. Due to the
system grounding the non-faulted phases experienced an overvoltage. However, for fault impedances larger than 3.46 
the voltages are almost not affected by the fault.
Table 5 shows the during-fault currents for the three analyzed buses for Case A. The fault currents were calculated using
the Symmetrical Components Method. The fault currents are reduced when the fault impedance is increased. Moreover, for
fault impedances larger than 3.46 , the fault current is similar to the nominal current. For this reason, the during-fault
voltages are similar to the pre-fault voltages when the fault impedance is larger than 3.46. The value of fault impedance,
that produces fault currents similar to nominal currents, is related to the load impedances. Hence, the 3.46 fault impedance
that neglects the effects of a phase to ground fault is a characteristic impedance value for the analyzed system.
Tables 6 and 7 present during-fault voltages and fault currents for the Case B. For this case, the voltage unbalance
calculated by (19) is 1.03%. The during-fault voltages and fault currents were obtained using the Phase ComponentsMethod.
Comparing the during-fault voltages for Case A and Case B, shown in Tables 4 and 6 respectively, it can be concluded
that in Case B the overvoltage of the non-faulted phases are larger than in Case A. For instance, the overvoltage at bus 671
is 16% in Case B, whereas for the same fault the overvoltage is 8.44% in Case A. When the fault impedance increases this the
differences between the two cases is reduced.
According to the Table 7 the fault currents at phases a and c are slightly larger than the fault current at phase b at the
three buses. This difference is a consequence of the load unbalance. It is important to highlight that the load at phase b is
80% of the load of the other phases. Therefore the current at phase b is smaller.
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Table 4
During-fault voltages (Case A), phase a to ground fault.
Bus Rf () Va (pu) Vb (pu) Vc (pu)
650
0.0 0.0000 1.0097 1.0031
0.34 0.7369 1.0069 1.0041
3.46 0.9903 1.0062 1.0060
34.6 1.0049 1.0062 1.0062
632
0.0 0.0000 1.0629 1.1312
0.34 0.4243 1.0929 1.0366
3.46 0.9074 1.0090 0.9632
34.6 0.9681 0.9779 0.9725
671
0.0 0.0000 1.0563 1.1482
0.34 0.2989 1.0844 1.0690
3.46 0.8385 1.0104 0.9471
34.6 0.9435 0.9610 0.9522
Table 5
Fault currents (Case A), phase to ground faults.
Bus 650 632 671
Rf () If (pu) If (pu) If (pu)
0.0 13.00 5.58 3.62
0.34 7.37 4.24 2.99
3.46 0.99 0.91 0.84
34.6 0.10 0.10 0.10
Table 6
During-fault voltages (Case B), phase a to ground fault.
Bus Rf () Va (pu) Vb (pu) Vc (pu)
671
0.0 0.0 1.1334 1.1526
0.34 0.2926 1.1588 1.0731
3.46 0.8359 1.0545 0.9450
34.6 0.9442 0.9908 0.9496
Table 7
Fault currents (Case B), phase to ground faults.
Bus 650 632 671
Rf () Ifa (pu) Ifb (pu) Ifc (pu) Ifa (pu) Ifb (pu) Ifc (pu) Ifa (pu) Ifb (pu) Ifc (pu)
0.0 13.07 12.72 13.16 5.55 5.39 5.49 3.53 3.45 3.47
0.34 7.44 7.3 7.49 4.23 4.18 4.21 2.93 2.91 2.89
3.46 1.0 0.98 1.01 0.91 0.92 0.91 0.84 0.86 0.83
34.6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.10 0.1
Table 8
Fault current variation between Case A and Case B.
Bus 650 632 671
Rf () 1Ifa (%) 1Ifb (%) 1Ifc (%) 1Ifa (%) 1Ifb (%) 1Ifc (%) 1Ifa (%) 1Ifb (%) 1Ifc (%)
0.0 −0.53 2.15 −1.23 0.53 3.40 1.61 2.48 4.69 4.14
0.34 −0.94 0.94 −1,62 0.23 1.41 0.70 2.00 3.34 3.34
3.46 −1.01 1.01 −2.02 −1.09 −1.09 0.00 0.00 −2.38 1.19
34.6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Table 8 presents the fault currents variation between Case A and Case B. The largest fault current variation (4.69%) occurs
at bus 671 during a phase a to ground fault with zero fault impedance.
Tables 9 and 10 show during-fault voltages and fault currents for the Case C. During-fault voltages and fault currents
were calculated using the Phase Components Method. The voltage unbalance calculated according (19) is 2.85%.
The maximum overvoltage observed in a non-faulted phase is 21.53% at bus 671 during a phase c to ground fault with
zero fault impedance. The increase of the overvoltage could be a consequence of the increase of the voltage unbalance at the
substation bus. The increase of the fault impedance results in fault currents similar to the nominal currents and therefore the
during-fault voltages tend to the pre-fault voltages and the larger during-fault overvoltage caused by the system unbalance
tends to diminish.
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Table 9
During-fault voltages (Case C), phase c to ground fault.
Bus Rf () Va (pu) Vb (pu) Vc (pu)
650
0.0 1.0284 0.9982 0
0.34 1.0255 0.9991 0.7723
3.46 1.0249 0.9999 1.0393
34.6 1.025 1 1.0548
632
0.0 1.0717 1.1672 0
0.34 1.101 1.0767 0.4302
3.46 1.0167 1.0022 0.9254
34.6 0.9852 1.01 0.9887
671
0.0 1.0649 1.2153 0
0.34 1.0904 1.1399 0.2931
3.46 1.0123 1.018 0.8352
34.6 0.9611 1.0211 0.9432
Table 10
Fault currents (Case C), phase to ground faults.
Bus 650 632 671
Rf () Ifa (pu) Ifb (pu) Ifc (pu) Ifa (pu) Ifb (pu) Ifc (pu) Ifa (pu) Ifb (pu) Ifc (pu)
0.0 13.22 12.58 13.63 5.63 5.36 5.65 3.58 3.47 3.54
0.34 7.49 7.30 7.72 4.26 4.23 4.3 2.95 2.97 2.93
3.46 1.01 0.98 1.04 0.91 0.94 0.93 0.84 0.89 0.84
34.6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Table 11
Fault current variation between Case A and Case C.
Bus 650 632 671
Rf () 1Ifa (%) 1Ifb (%) 1Ifc (%) 1Ifa (%) 1Ifb (%) 1Ifc (%) 1Ifa (%) 1Ifb (%) 1Ifc (%)
0.0 −1.69 3.23 −4.84 −0.89 3.94 −1.25 1.10 4.14 2.20
0.34 −1.62 0.94 −4.74 −0.47 0.23 −1.41 1.33 0.66 2.00
3.46 −2.02 1.01 2.02 0.00 −3.29 −2.19 0.00 −5.95 0.00
34.6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3
2.5
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1.5
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0
Fig. 4. Voltage unbalance vs. load unbalance.
Table 11 presents fault currents variation between Case A and Case C. The largest variation (−5.95%) occurs in the phase
b of the bus 671, with 3.46 fault impedance.
Fig. 4 shows the voltage unbalance index calculated by (19) at bus 650 for the three analyzed cases. Obviously, the increase
of the load unbalance causes an increase of the voltage unbalance at the substation. The voltage unbalance at other buses is
also a consequence of the flow of the load currents along the non-transposed feeders.
Fig. 5 shows the largest during-fault voltage variation for each case compared to the reference case (Case A). The
increase of the load unbalance causes an increase of the during-fault voltage variation. In other words, if the system is
more unbalanced more severe voltage drops and overvoltages can be expected.
Fig. 6 shows the largest fault current variation for each case compared to the reference case. The figure shows that fault
currents are greatly affected by the load unbalance. The largest the load unbalance the largest the variation of the fault
currents.
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Fig. 5. Maximum during-fault voltage variation vs. load unbalance.
Fig. 6. Maximum fault current variation vs. load unbalance.
5. Conclusions
The paper presented a numerical study of the system unbalance and fault impedance effect on the faulted distribution
network analysis.
Two differentmethods for fault calculationwere used: the Symmetrical ComponentsMethod and the Phase Components
Method. Phase to ground faults on a balanced system were calculated using the Symmetrical Components Method. This
method is of simpler numerical construction than the Phase Component Method due to the diagonalization of the matrix
that represents balanced systems.
Themethodof Phase Componentswas used to calculate the phase to ground faults for the unbalanced systems. The results
show that the during-fault voltages and currents are greatly affected by the system unbalance and the fault impedance. The
increase of the system unbalance causes an increase of the during-fault voltages and currents variation.
The increase of the fault impedance reduces the fault current and therefore the effect of the system unbalance on during-
fault voltages and current diminishes. For each system there is a characteristic value of fault impedance that is related to
the load impedances. Larger fault impedances values produce fault currents similar to nominal load currents and therefore
the effect of these faults in terms of during-fault voltages and currents cannot be differentiate from nominal operation
conditions.
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